Elevated plasma free fatty acids (FFA) cause insulin resistance and are thought to play a key role in mediating insulin resistance in patients with the metabolic syndrome (MTS) and type 2 diabetes mellitus (DM). Two experimental models used to study the mechanisms responsible for insulin resistance in patients are high-fat diet-fed rodents and administration of triglycerides and heparin to raise plasma FFA. As evidence that insulin resistance in high-fat diet-fed rats is due to high FFA, it has been reported that the insulin resistance is rapidly reversed by an overnight fast, a high-glucose meal, and an exercise bout. If true, these findings would invalidate the high-fat diet-fed rodent as a model for MTS or type 2 DM, because insulin resistance is not rapidly reversed by these treatments in patients. The purpose of this study was to determine whether diet-induced insulin resistance is, in fact, rapidly reversible. Incubation of muscles in vitro rapidly reversed insulin resistance induced by administration of triglycerides and heparin, but not by a high-fat diet. An overnight fast and a high-glucose meal were followed by a large increase in insulin-stimulated muscle glucose transport. However, these are adaptive responses, rather than reversals of insulin resistance, because they also occurred in muscles of insulinsensitive, chow-fed control rats. Our results show that insulin resistance induced by high FFA, i.e., Randle glucose-fatty acid cycle, is transient. In contrast, the insulin resistance induced by a high-fat diet does not reverse rapidly.
free fatty acids; glucose-fatty acid cycle; high-fat diet; insulin sensitivity THE MOST WIDELY ACCEPTED HYPOTHESIS regarding the mechanism responsible for muscle insulin resistance in patients with the metabolic syndrome (MTS) and type 2 diabetes mellitus (DM) is that it is mediated by accumulation of fat metabolites as a result of increased uptake or decreased oxidation of fatty acids (2, 20) . A number of studies have provided evidence that accumulation of fat metabolites, such as diacylglycerol, acylCoA, or ceramides, results in activation of serine kinases, leading to inhibition of steps in the insulin signaling pathway (9, 15) . A frequently used model for studying this phenomenon is elevation of plasma free fatty acids (FFA) to very high levels by administration of triglycerides and heparin (3, 9, 17, 26, 28) . As first shown by Randle and co-workers (24) , a large increase in FFA results in an inhibition of insulin-stimulated glucose transport into muscle. Another commonly used experimental approach used to induce insulin resistance is feeding laboratory rodents high-fat diets (4, 11, 12, 14, 21, 23) .
It now seems to be generally assumed that these two experimental models result in "fat-induced" insulin resistance by the same mechanisms, i.e., accumulation of fat metabolites as a result of high plasma FFA levels, and that both models are suitable for studying the mechanisms that mediate insulin resistance in the metabolic syndrome and type 2 DM (3, 9, 17, 26, 28) . In support of the concept that high-fat diets induce insulin resistance by raising fat metabolites, it has been reported that the insulin resistance induced by a high-fat diet is rapidly reversed by interventions thought to result in lowering of muscle fatty acid metabolites: a single low-fat, high-glucose meal, an overnight fast, or a single exercise bout (1, 22) .
Patients with type 2 DM have elevated plasma FFA. Administration of triglycerides and heparin has, therefore, been used as a model to study the mechanism by which elevation of FFA causes fat-induced insulin resistance. However, treatment with triglyceride and heparin results in very high plasma FFA concentrations, in the ϳ1.5 to ϳ3.5 mM range, which very rapidly cause inhibition of insulin-stimulated glucose uptake by the Randle effect. In contrast, patients with type 2 DM and rodents fed high-fat diets have only modestly elevated plasma FFA concentrations, in the range of ϳ0.6 to ϳ0.75 mM, which are too low to cause inhibition of insulin-stimulated muscle glucose uptake. This is evidenced by the finding that, in contrast to the Randle effect, which develops very rapidly, rodents fed a high-fat diet do not become insulin resistant until they have been fed the diet for 3-4 wk (19) . If the insulin resistance was directly mediated by the high-fat diet-induced increase in plasma FFA, it should occur soon after the diet is started, not after 1 mo on the diet. The development of insulin resistance in response to high-fat and high-sugar diets coincides with an increase in visceral fat, and, early during the development of insulin resistance, there is a strong inverse correlation between visceral fat mass and degree of muscle insulin resistance (19) .
The high-fat diet-fed rat develops the rodent equivalent of the metabolic syndrome that can progress to type 2 DM (10) and is used to study development of these pathologies on the basis of the assumption that they are similar in rodents and humans. Unfortunately, neither the metabolic syndrome nor type 2 DM is reversed by a single low-fat high-glucose meal, an overnight fast, or a single bout of exercise, as has been reported to occur in rats fed a high-fat diet (1, 22) . Instead, prolonged calorie restriction and/or exercise training is needed to bring about an improvement in insulin action. Therefore, if insulin resistance is, in fact, rapidly reversed in rats fed a high-fat diet, this is actually not a good experimental model for studying the mechanisms involved in development of the metabolic syndrome.
The purpose of the present study was to test the hypothesis that, in contrast to the Randle effect, the muscle insulin resistance induced by a high-fat diet is not rapidly reversed. We repeated the experiments of Oakes et al. (22) and also determined the effect of in vitro muscle incubation on reversal of the insulin resistance. Animal care and treatments. This research was approved by the Animal Studies Committee of Washington University School of Medicine. Male Wistar rats (ϳ60 g body wt; Charles River, Wilmington, MA) were housed two per cage with a 12:12-h light-dark cycle; food and water were provided ad libitum. Some rats were fed a high-fat diet [23% of calories from protein (294 g/kg casein), 50% of calories from fat (180 g/kg lard and 100 g/kg corn oil), and 27% of calories from carbohydrates (346.7 g/kg sucrose), 22 g/kg of vitamin mix (Teklad Premier no. 40077), 51 g/kg of mineral mix (Teklad Premier no. 170915), 5 g of methionine (Teklad Premier no. 10850), and 1.3 g/kg of choline chloride] for 5 wk. Other animals were fed a Purina rodent laboratory chow (28.7% of calories from protein, 12.4% of calories from fat, and 58.9% of calories from carbohydrate). The high-fat diet contained ϳ5.1 kcal/g, and the chow diet contained ϳ3.3 kcal/g.
METHODS

Materials
Experiments designed to determine whether high-fat diet-induced insulin resistance is rapidly reversible in vivo.
The high-fat diet-fed rats and chow-fed controls were assigned to four subgroups. An untreated control group was fed their usual diet. A second group was fed a high-glucose meal (10% of calories from corn oil, 69% of calories from glucose, and 21% of calories from protein) at 5 PM. A third group received no meal. The fourth group of high-fat diet-fed rats were used in an experiment in which we incubated muscles in vitro (see below) to determine whether the high-fat diet-induced muscle insulin resistance could be reversed. Fig. 1 . A 310-min in vitro washout of epitrochlearis and soleus muscles reverses insulin resistance induced by administration of triglycerides and heparin to rats, but not insulin resistance induced by feeding rats a high-fat diet. Values are means Ϯ SE for 10 -20 muscles per group. *P Ͻ 0.01 vs. control; chow diet is control for high-fat diet experiment, and saline is control for oil ϩ heparin experiment.
The rats in the three treatment groups described above were used for measurement of insulin-stimulated 2-DG transport between 12 and 3 PM on the next day. The treatments of the rats are the same as those described by Oakes et al. (22) , except we included chow-fed controls. The animals were anesthetized with pentobarbital sodium (5 mg/100 g body wt ip), and the epitrochlearis and soleus muscles were removed (16) . The animals were euthanized by exsanguination. The soleus muscles were split longitudinally into strips before incubation and measurement of glucose transport activity.
Experiment designed to determine whether insulin resistance induced by a high-fat diet or an acute increase in plasma FFA is rapidly reversible in vitro. Chow-fed rats were given 1 ml of corn oil per 100 g body wt by stomach tube in the morning after an overnight fast. After 3 h, they were injected with heparin (100 U/100 g body wt sc). A second heparin injection was given 2 h later. At 1 h after the second heparin injection, the animals were anesthetized with pentobarbital sodium (5 mg/100 g body wt ip), and the epitrochlearis and soleus muscles were removed. The soleus muscles were split longitudinally into strips before incubation.
Muscle insulin resistance "washout" incubations. Muscles of rats fed the high-fat diet or rats given oil and heparin were incubated in flasks containing 2 ml of oxygenated Krebs-Henseleit buffer (KHB) supplemented with 8 mM glucose, 32 mM mannitol, and 0.1% bovine serum albumin in a gas phase of 95% O 2-5% CO2. The flasks were placed in a shaking incubator maintained at 35°C for 20 min, 2.0 h, or 5 h. During the last 20 min of incubation, some of the muscles were treated with insulin (2 mU/ml).
Measurement of 2-DG transport. Muscles were rinsed for 10 min at 29°C in 2 ml of oxygenated KHB containing 40 mM mannitol and insulin, if it was present in the previous incubation. After the rinse step to remove glucose, muscles were incubated for 20 min at 29°C in flasks containing 2 ml of oxygenated KHB with 4 mM 2-DG (1.5 Ci/ml) and 36 mM [ 14 C]mannitol (0.2 Ci/ml) and insulin, if it was present in the previous incubation, in a shaking incubator (13) . The muscles were blotted and clamp frozen and then processed for determination of extracellular space and intracellular 2-DG accumulation, as described previously (27) .
In the rats that were fasted or fed a high-glucose meal, glucose transport activity was measured as described above, except insulin concentration during a 1-h preincubation and during the measurement of 2-DG transport was 60 U/ml.
Plasma FFA. Plasma FFA concentrations were measured using a Wako NEFA-HR(2) Microtiter Procedure kit (Wako Diagnostics, Richmond, VA).
Statistics. Values are means Ϯ SE. The significance of the differences between two groups was assessed using Student's unpaired t-test. For multiple comparisons, significance was determined by one-way analysis of variance followed by post hoc comparison using Fisher's least significant difference method.
RESULTS AND DISCUSSION
Reversal of muscle insulin resistance in vitro.
Muscle of rats treated with triglycerides and heparin to raise plasma FFA and rats fed a high-fat diet were incubated in the absence of FFA to evaluate the reversibility of fat-induced insulin resistance. As shown in Fig. 1 , both experimental interventions resulted in severe insulin resistance of the glucose transport process in the epitrochlearis, a fast-twitch white muscle, and the soleus, a slow-twitch red muscle. In the muscles of the rats given triglycerides and heparin, most of the insulin resistance was washed out in 130 min, and the insulin resistance was completely washed out within 310 min. In contrast, the 310-min washout had no effect on the insulin resistance of the muscles of the rats fed a high-fat diet for 5 wk. This finding shows that the insulin resistance caused by a high-fat diet is not due to the Randle cycle effect, which is mediated acutely by exposure of muscles to a very high concentration of fatty acids and is rapidly reversed.
Effect of an overnight fast. As shown in Fig. 2 , the insulininduced increase in glucose transport activity was ϳ75% greater after an overnight fast than in the fed state. However, this increase in glucose uptake is not due to a reversal of high-fat diet-induced insulin resistance but, rather, is mediated by an effect of fasting on insulin action. This is evidenced by the finding that the increase in insulin action induced by fasting was similar in relative magnitude in muscles from the rats fed the high-fat and the rats fed chow. As a result, the muscles of the high-fat diet-fed rats were just as insulin resistant vs. those of the chow-fed rats in the fasted as in the fed state. This finding did not come as a surprise to us, because we routinely measure glucose transport activity in muscles of rats after an overnight fast and have, nevertheless, been able to detect large decreases in insulin-stimulated muscle glucose transport in the rats fed the high-fat diet vs. the rats fed chow (12, 19) . Also, glucose tolerance tests, euglycemic clamps, and other measures of insulin resistance used in patients are routinely performed after an overnight fast. It is of interest that the fasting resulted in an increase in insulin-stimulated glucose transport, despite a fasting-induced increase in plasma FFA to 0.83 Ϯ 0.06 mM. In 1979, Goodman and Ruderman (8) reported that fasting/shortterm starvation results in increased insulin action in muscle.
Oakes et al. (22) also found that insulin-stimulated muscle glucose transport was markedly improved in insulin-resistant rats fed a high-fat diet on the day following a bout of exercise. They attributed this improvement to a rapid reversal of fatinduced insulin resistance. However, as with fasting, this improvement is an adaptive response, not a reversal of insulin resistance. We did not think that repeating this study was necessary or justified, because we showed previously that exercise is followed on the next day by a 60 -100% increase in insulin-stimulated glucose transport in rats that had been eating Fig. 3 . Feeding rats a high-glucose meal in the evening is followed by an increase in insulin-stimulated glucose transport activity, measured on the next afternoon, in epitrochlearis and soleus muscles. Values are means Ϯ SE for 5-7 muscles per group. *P Ͻ 0.02 vs. chow meal.
a chow diet (6, 25) . Similarly, Gao et al. (5) and Kern et al. (18) found that exercise improved insulin action in obese rats but did not normalize it compared with controls. They found that insulin action was just as severely impaired in exercised obese rats vs. exercised lean rats as in sedentary obese vs. lean sedentary rats.
Bell et al. (1) and Oakes et al. (22) also showed that feeding insulin-resistant, high-fat diet-fed rats a high-glucose meal is followed by a large increase in insulin-stimulated muscle glucose uptake on the next afternoon. They attributed this remarkable effect to a reversal of high-fat diet-induced insulin resistance as a result of decreased muscle lipid availability, evidenced by a 22% decrease in muscle triglyceride concentration. However, because they did not study a comparably treated control group, it seemed possible that, as with fasting and exercise, the improvement in insulin action could have been mediated by an adaptive response, rather than by a reversal of insulin resistance. We, therefore, evaluated the effect of a high-glucose meal in rats that had been maintained on a chow control diet. As shown in Fig. 3 , insulin-stimulated muscle glucose uptake was markedly increased in muscles of control rats fed the glucose meal on the previous evening.
This finding shows that, as with fasting and exercise, the improvement in insulin action following a high-glucose meal is an adaptive response, not a reversal of fat-induced insulin resistance. That a high-glucose meal is followed by a large increase in insulin action on muscle glucose transport seems surprising, particularly in light of the fact that feeding rodents high-sugar/high-caloric-density diets over the long term causes insulin resistance. Our current working hypothesis is that this acute phenomenon is mediated by a large spike in insulin secretion induced by the glucose. It is generally thought that the well-documented increase in muscle insulin sensitivity that follows a bout of exercise is mediated by a specific effect of exercise. However, we have obtained evidence that any stimulus that increases glucose transport in muscle by translocation of glucose transporters (GLUT4) to the cell surface is followed by an increase in insulin sensitivity, and, as with exercise, treatment of muscles with insulin is followed by a large increase in insulin sensitivity (7) . In this context, it seems possible that the increase in insulin sensitivity that follows a high-glucose meal is due to an insulin-induced increase in insulin sensitivity.
Plasma FFA concentrations. The oil meal followed by heparin injection increased plasma FFA concentrations to 2.46 Ϯ 0.52 mM (mean Ϯ SE for 6 rats). Plasma FFA concentration in chow-fed rats averaged 0.25 Ϯ 0.02 mM compared with 0.65 Ϯ 0.08 mM in rats fed the high-fat diet for 2 days and 0.63 Ϯ 0.08 mM in rats fed the high-fat diet for 5 wk (means Ϯ SE for 6 rats per group). We have found that the development of muscle insulin resistance in rats fed a high-fat diet coincides with a significant increase in the weight of intra-abdominal fat depots (19) , which occurs between 3 and 4 wk, depending on diet composition/palatability, which determines rate of weight gain. Thus the high-fat diet-induced increase in plasma FFA is present for Ն2 wk without causing insulin resistance (19) . This finding, together with the results of the in vitro insulin resistance washout study, demonstrates that high-fat diet-induced insulin resistance is not mediated by the Randle glucose-fatty acid cycle effect, which is transient and requires a much higher FFA concentration. We think that it is highly probable that the insulin resistance in patients with type 2 DM is also not mediated by the Randle cycle effect, inasmuch as their plasma FFA levels are in the same range as those of rats fed a high-fat diet.
The present results do not argue for or against the concept that the metabolic syndrome and type 2 DM are mediated by fat-induced insulin resistance. However, they show that there are two different types of fat-induced insulin resistance and that raising plasma FFA to extremely high levels by administration of triglycerides and heparin is not an appropriate model for studying the mechanisms responsible for insulin resistance in patients with the metabolic syndrome and/or type 2 DM.
